The giant planets of the solar system likely played a large role in shaping the architecture of the terrestrial planets. Using an updated collision model, we conduct a suite of high resolution N-body integrations to probe the relationship between giant planet mass, and terrestrial planet formation and system architecture. We vary the mass of the planets that reside at Jupiter's and Saturn's orbit and examine the effects on the interior terrestrial system. We find a correlation between the mass of the exterior giant planets and the collision history of the resulting planets, which holds implications for the planet's properties. More massive giants also produce terrestrial planets that are on smaller, more circular orbits. We do not find a strong correlation between exterior giant planet mass and the number of Earth-analogs (analogous in mass and semi-major axis) produced in the system. These results allow us to make predictions on the nature of terrestrial planets orbiting distant Sun-like star systems that harbor giant planet companions on long orbits-systems which will be a priority for NASA's upcoming Wide-Field Infrared Space Telescope (WFIRST) mission.
INTRODUCTION
Terrestrial planet formation is typically separated into three stages due to the different physical processes that are involved in each period (Lissauer 1993; Righter & O'Brien 2011a) . The initial stage involves the condensation of solids from the gas disc that grow until they reach kilometersize planetesimals (Chiang & Youdin 2010) . The middle stage focuses on the agglomeration of small planetesimals (Moon-sized bodies) into embryos (Mars-sized bodies Weidenschilling 1977; Rafikov 2003) . The final stage follows the collisional evolution of embryos, the giant impact phase, that ultimately yields planets (Chambers 2001; Schlichting et al. 2012) . When modeling the late stage of planet formation, we assume that all the gas in the disc has been dispersed. The lifetime of a protoplanetary gas disc depends on the dispersal mechanisms of the gas, but for solar-type stars the lifetime of the gas disc is approximately 2-3 Myr (Alexander et al. 2006; Pfalzner et al. 2014) . After the gas disc dissipates, the growth of protoplanets ensues via gravitational collisions that yield accretion and erosion events (Righter & O'Brien 2011b; Wetherill 1995) . * E-mail: jason.steffen@unlv.edu Most studies that utilize N-body integrators to model planet formation assume the late stage of planet formation. The physics involved considers only the interactions of planetesimals and embryos as purely gravitational, and until recently, assumed only relatively trivial collisions-either completely elastic or completely inelastic. These commonly used collision models limit the accuracy of simulations of terrestrial planet formation, as real collision outcomes are more complex (Chambers 2013; Haghighipour et al. 2017 ). An accurate collision model is needed to probe the properties of planetary systems that depend on the collision history, such as their final architecture, composition, magnetic field, moon system, atmosphere and internal structure (Lock & Stewart 2017; Elser et al. 2011; Jacobson et al. 2017 ). Leinhardt & Stewart (2012) developed a prescription for more realistic collisions that includes fragmentation. Chambers (2013) implemented this fragmentation model into the N-body integrator Mercury to allow for collisions that result in partial accretion or erosion. With this fragmentation code, Quintana et al. (2016) studied how giant impacts affect terrestrial planet formation in the presence of Jupiter and Saturn. They found that the final architecture of the terrestrial planetary system is comparable to systems formed using a trivial collision model, but the collision history and accretion timescales of these systems differed significantlygiving insight into a different formation process. Examining the high-resolution collision history of a planet also has implications for habitability. Tracking the fragments in a system allows us to examine how the byproducts of collisions interact with the rest of the system and affect planet formation. Further analysis of these interactions will determine if they result in impacts which are catastrophic to the planet's habitable properties-stripping the atmosphere, heating the planet, fragmenting the planet, etc.
When considering the solar system, not only is a highresolution collision study needed to accurately explore the properties of the terrestrial planets, but the effects of the giant planets must be accounted for as well. Previous studies have shown the important role Jupiter played in the formation of our terrestrial system. Horner & Jones (2008) showed that Jupiter shielded earth from a high rate of giant impacts from the asteroid belt. More generally, Levison & Agnor (2003) found that different exterior giant planet environments produce terrestrial planets of different sizes and orbits.
Other studies suggest that exterior giant planets may be necessary for the development of life on Earth analogs (Horner & Jones 2010b) . Horner et al. (2009) found through numerical studies that exterior giant planets promote the delivery of volatiles to planets in the habitable zone of the system. Additionally, Horner et al. (2015) argues that giant planets are needed to induce climate change on planets in the habitable zone, similar to the role Jupiter plays in the Milankovitch cycles on Earth. Considering the influence that the exterior giant planets had on the solar system, the question follows: What would our terrestrial planets be like if Jupiter and Saturn did not grow large enough to accrete significant amounts of gas before the gas disc dissipated, and therefore had much smaller masses?
Along these same lines, thousands of diverse exoplanet systems have been discovered by the Kepler mission. Although Kepler is not sensitive to planets on longer orbital periods, Foreman-Mackey et al. (2016) developed an automated method to predict the occurrence rates of giant planets with long orbital periods, even if only one or two transits were observed. Their probabilistic model estimates the occurrence rate for exoplanets on orbital periods from 2-25 years, with a radii between 0.1-1R J to be ∼ 2.00 per G/K dwarf star. On the other hand, Wittenmyer et al. (2016) found from radial-velocity surveys that ∼ 6% of stars host giant planets (a planet with a minimum mass of 0.3 M Jup ) in orbits between 3 and 7 AU. Although there is some disagreement on the occurrence rates, future missions will help constrain these rates and it will be useful to understand how giant planets affect terrestrial planet formation. Bryan et al. (2018) looked at systems containing super-Earths and found that 39 ± 7% of these systems host long period companions between 0.5-20 M Jup and 1-20 AU, suggesting that there exists a correlation between the presence of super-Earths and giant planets on long orbits. Our numerical results presented here show that giant planets affect terrestrial planet formation in a variety of ways.
Upcoming missions are being designed to search for planetary systems that resemble our solar system with a higher sensitivity to planets on long orbits. For example, NASA's Wide-Field Infrared Space Telescope (WFIRST) is Here we explore the extent to which exterior giant planets affect the formation and evolution, and the final architecture of the terrestrial planet system. We use a suite of high resolution N-body simulations with five different giant planet environments with giant planets at Jupiter's and Saturn's current orbit. Each suite of simulations has scaleddown masses for Jupiter and Saturn-maintaining the 3:1 mass ratio between the body at Jupiter's orbit and the body at Saturn's orbit. We use exterior giant planets that are ∼ 3 4 , 1 2 , 1 4 and 1 7 the mass of Jupiter and Saturn. Because Suzuki et al. (2016) argues that cold Neptunes are likely the most common type of planets beyond the snow line, the smallest mass used in our giant planet systems is a Neptune sized body. The integration time and the varied masses used for Saturn and Jupiter are listed in Table 1 . If we can constrain the role that exterior giant planets play in terrestrial planet formation, we can predict how common solar system-like planetary systems are, in conjunction with the occurrence rates of planets on long orbits from WFIRST.
SIMULATIONS
The fragmentation code developed by Chambers (2013) (adopting the collision model from Leinhardt & Stewart (2012) ) allows for several of collision outcomes. These include:
• A collision with the central star • Ejection of a body from the simulation if its semi-major axis becomes larger than 100 AU
• Completely inelastic collision (merger) • A grazing event, which results in partial erosion or accretion after less than half of the impactor interacts with the target
• Head-on, or super-catastrophic collision, in which one of the bodies loses ≥ half of its mass
• A hit-and-run collision, in which the target mass does not change, but the impactor may result in partial erosion (Genda et al. 2012) .
Using this code, two extreme cases were studied by Figure 1 shows their results for the number of bodies in the system versus simulation time for 140 simulations (along with 16 th and 84 th percentile bounds). From this plot it is clear that the two tracks can be distinguished within the first 5 Myr. Consequently, most cases that we study here have a simulation time of 5 Myr. We integrate two of our simulation suites up to 500 Myr (one with Jupiter & Saturn and one with planets of mass 150 & 50 M ⊕ ) so that we may consider the evolution of the system over a longer timescale.
Previous N-body studies have used discs of small planetesimals and larger planetary embryos to successfully reproduced the broad characteristics of the solar system's terrestrial planets (Chambers 2001) . As a result, similar mass distributions are commonly used in protoplanetary discs for N-body simulations studying terrestrial planet formation around Sun-like stars. The disc used in our simulations was adopted from Quintana & Lissauer (2014) , which was an extrapolation of the disc used by Chambers (2001) . Our disc contains 26 embryos (Mars-sized, r = 0.56R ⊕ ; m = 0.093M ⊕ ), and 260 planetesimals (Moon-sized, r = 0.26R ⊕ ; m = 0.0093M ⊕ ) yielding a total disc mass of 4.85 M ⊕ . The disc has no gas. This bimodal mass distribution marks the epoch of planet formation which is dominated by purely gravitational collisions (the late-stage) (Kokubo & Ida 2000) . All masses have a uniform density of 3 g cm −3 . The surface density distribution Σ of the planetesimals and embryos follows Σ ∼ r −3/2 , the estimated surface density distribution of Solar Nebula models (Weidenschilling 1977) . These masses are distributed between 0.35 AU and 4 AU from a solar-mass star.
Since the CPU time scales with the square of the number of bodies in the system, a minimum fragment mass is set to m = 0.0047M ⊕ in order to reduce the computational expense as the number of fragments grows. Any body from a resulting collision which has a mass of, or above the minimum fragment mass will be tracked and allowed to interact with the rest of the bodies in the system. Majority of the collisions do not conserve mass as it is assumed that most collisions will result in dust that is eventually expelled from the system. The eccentricities and inclinations for each body are drawn from a uniform distribution with e < 0.01 and i < 1 • . The argument of periastron, mean anomaly, and longitude of ascending node are chosen at random. Exterior planets with different masses are placed at Saturn's and Jupiter's orbit, 5.2 AU and 9.6 AU respectively, with their present orbital elements. We run a suite of simulations for each scenarioeach comprising 150 simulations with a slight change of one planetesimal's longitude of ascending node. Chaotic evolution takes these small changes in one planetesimal and rapidly produces entirely different systems. Our main emphasis in this work is to determine the effects of a varying exterior planet mass on the mass that remains in the regions where terrestrial planets eventually form.
RESULTS
We first consider how the planetesimal and embryo interactions evolve in time as a function of the mass of the exterior giant planets. Figure 2 shows the total number of embryos and planetesimals in the disc as a function of time for our five systems. A body "leaves" the system when it is ejected, as previously defined, or when it has collided with the central star. The data for all 150 simulations were gathered together into 10 5 -year bins (this binning is used throughout the en- Figure 3. Normalised histograms of the remaining disc mass (not including mass of the exterior giant planets) in each run at 5 Myr for each system. Note that the more massive the giant planets, the less massive the remaining planetesimal disc. tirety of the paper) 1 . The median of each bin is the central line, and the bounds are the 16 th and 84 th percentiles.
1 While analysing the output of the data, we found that Mercury with the fragmentation code began returning erroneous results after an integration was resumed from a dump file. After an integration was resumed from a dump file, all of the bodies were reintroduced and parsed by the element module (which determines the orbital elements of the various objects). As a result, there were data used by element for bodies that had been ejected, and two data points with the same time and different orbital element values for the surviving bodies. After learning of this bug, the data were parsed and cleaned. If the bodies were ejected before the integration stopped, the data after the time the body was first ejected were ignored. If the bodies survived and had two We see that the larger the exterior planet mass, the faster the number of bodies decreases in the system. Such a result is expected since a larger planet is capable of producing a larger perturbation to the orbit of the smaller bodies and more readily generates orbit crossings that lead to collisions, ejections, or accretion onto the central star (Levison & Agnor 2003) . Table 2 lists the time it takes the system to decrease the number of bodies by 10% (plus and minus the standard deviation among all the simulations for each system). It also lists the ratio of time it took the system to reduce the number of bodies by 10% compared to the Jupiter & Saturn system, and the ratio of the exterior masses to the mass of Jupiter and Saturn.
The second most massive system in our study is the system with 75 & 225 M ⊕ cores at Saturn's and Jupiter's orbit, respectively. While the total exterior mass of this system is only 27% smaller than the Jupiter+Saturn system, it takes ∼ 2.5 times longer to eject 10% of the system's bodies (1.2 Myr compared to 0.5 Myr for Jupiter+Saturn). The least massive system, 45 & 15 M ⊕ , ejected only 7% of the bodies in the disc before 5 Myr. These findings show a strong relationship between exterior planet mass and the ejection rate of planetesimals and embryos. The ejection rate sets an upper limit on disc mass and thus the availability of material for terrestrial planets to interact with and form from. Figure 3 shows the normalised histograms of the remaining disc mass (not including the mass from the exterior giant planets) in each run at 5 Myr for each of the systems, confirming that lower-mass giant planets retain more disc mass. data points at the same time, the second data point was ignored. When reviewing the corrupt data, it was obvious that the second data point was incorrect.
Considering the evolution of individual embryos gives insight into the types of terrestrial planets that will form. Figure 4 shows the mass versus semi-major axis of the embryos that remain in each system at ∼ 5 Myr for all 150 simulations (these are the bodies with an initial mass of m = 0.093 M ⊕ ). In general, the larger giant planets drive the remaining embryos closer to the host star than the smaller planets as seen from the normalised histograms of the surviving embryos semi-major axis in 5. For the 45 & 15 M ⊕ , 90 & 30 M ⊕ , and 150 & 50 M ⊕ systems, we find similar embryo mass distributions in roughly integer multiples of the initial embryo mass. This result suggest that either the embryos did not gain or lose a significant amount of mass or, as they have an initial mass of ∼ 0.1 M ⊕ , they perfectly merged with another embryo. The reduced mass of the smaller exterior planets limits their ability to induce catastrophic collisions of the embryos-thus there are far fewer left-over fragments in these discs.
We also find mass groupings of the embryos in the 225 & 75 M ⊕ and Jupiter & Saturn systems, but around ∼ 0.05 M ⊕ and ∼ 0.15 M ⊕ . This result suggests that some embryos were involved in a super-catastrophic collision, whereby up to half of the embryo mass is fragmented. The fragments of the demolished bodies are then accreted by surviving bodies or remain as fragments, explaining the clusters of mass at one-half an embryo mass both above and below their initial mass. The perturbations to the embryo orbits from the larger giants initially yield larger eccentricities-increasing the embryo relative velocities and therefore the likelihood that a body will experience a super-catastrophic collision.
The median mass, semi-major axis, and multiplicity for the remaining embryos in each of the systems at this time is summarised in the top part of Table 3 . Although the median mass of an embryo is the same for each system at this time, we find an anti-correlation between semi-major axis of the embryo and exterior giant planet mass, and also the number of embryos and the exterior giant planet mass. In general, our simulations at 5 Myr find that the presence of larger exterior giant planets will yield terrestrial planet systems that are both smaller and closer to the central star.
Using the fragmentation code, we are able to follow the collision history of the embryos in higher resolution than done in previous numerical studies. The collision history of a terrestrial system can affect the composition/volatile budget (Horner et al. 2009 ), atmosphere, internal structure, rotation, moon formation or moon-forming debris (Kegerreis et al. 2018; Citron et al. 2018) ). Figure 6 shows the average occurrence rate for types of collision outcome in each system after 5 Myr of simulation time. These are the collision rates for all embryos, planetesimals and fragments across all 150 runs for each system. More massive giant planets promote ejections of disc mass (rather than accretion events) and drive the embryos inwards, increasing their speed and likelihood of a super-catastrophic collision.
The smaller giant planets show a significantly higher rate of mergers than the system with Jupiter and Saturn. There is a an even distribution of head-on collisions for all systems. A head-on collision will not necessarily result in a super-catastrophic collision. If the specific impact energy is too low, a super-catastrophic collision will not take place and fragments will not be produced. Embryos that do not have an extensive history of catastrophic collisions will be Decaying exponential fits to the data beyond 2 Myr are shown for each system. Note that after a few hundred million years, the disc mass remains roughly constant with the lower-mass giants producing a more massive disc.
able to grow their planet size more readily and maintain a thicker atmosphere, but their likelihood of forming a moon system or magnetic field decreases (Jacobson et al. 2017 ). This might contribute to the fact that we have not seen any definitive moon systems in the Kepler data, which are predominantly planets of several Earth masses and sizable atmospheres-though Kepler data may not be sufficiently sensitive for most small moons (Teachey et al. 2018 ).
EXTENDED RUNS
For a better understanding of what the final terrestrial system will look like, we integrate the systems with Jupiter & Saturn and 150 & 50M ⊕ exterior planets up to 500 Myr. Figure 7 shows the mass versus time for all 150 simulations of the two extended runs. The mass loss rate begins to slow down and flatten out before 200 Myr. The decrease in slope suggests that the reservoir of planet forming material is roughly constant from that point onward. The mass loss rate associated within the first Myr of the system is primarily a manifestation of the sudden onset of gravity rather than the ongoing interactions with the exterior giants. Thus, we apply an exponential fit to the data after the first 2 Myr. The fits of these curves follow the form,
where τ is the relaxation timescale for the system-a measure of how long the disc will be affected by the perturbations from the exterior giant planets. For the Jupiter & Saturn system τ ≈ 47 Myr, and for the 150 & 50 M ⊕ system Figure 8 . Normalised histograms showing the distribution of the mass, semi-major axis, eccentricity and inclination for the surviving embryos and the total disc mass at ∼ 500 Myr. Overall, the systems with Jupiter & Saturn tend to produce embryos with a lower mass, semi-major axis, eccentricity, and inclination. We see an anti-correlation between disc mass and exterior giant planet size.
τ ≈ 104 Myr showing an inverse relationship between giant planet mass and the relaxation timescale. As a more massive planet produces stronger perturbations to the disc, the scattering will occur more quickly and reach a constant disc mass sooner. Again, we consider the orbital elements and mass of the embryos at 500 Myr so we may get an idea of the properties of the final terrestrial planet system. Figure 8 shows the normalised histograms of the mass, semi-major axis, eccentricity and inclination for the surviving embryos at ∼ 500 Myr. The bottom part of Table 3 lists the median mass, semi-major axis and number of embryos in a run for each of the extended systems at ∼ 500 Myr. The median remaining disc mass at this time is ∼ 3.63M ⊕ for the Jupiter & Saturn system, and ∼ 4.01M ⊕ for the 150 & 50 M ⊕ system. Figure 8 also shows normalised histograms of the remaining disc mass in each run at 500 Myr and suggests an anti-correlation between exterior giant planet mass and disc mass. Overall, we find that the disc mass distribution and the properties of the embryos in each giant planet system differ-the embryo's found in the Jupiter and Saturn system are more likely to be lower in mass, inclination, eccentricity, and orbital distance from the host star.
Another feature that we see in these extended runs relates to the secular dynamics of the system. Figure 9 shows the mass versus semi-major axis distribution of the embryos in the 150, 50 M ⊕ and Jupiter, Saturn systems after ∼ 500 Myr with the locations of the secular resonances from Jupiter and Saturn marked by ν 5 and ν 6 , respectively, found with methods of Smallwood et al. (2018) . What we find is a similar mass and semi-major axis distribution of the embryos between the two systems. Interestingly, the highest mass embryos are on orbits with precession rates that lie near to, or between the secular frequencies of the giant planets. There is a particularly strong feature just interior to the secular frequency of the largest giant. Upon closer inspection of the giant planet orbital evolution, we find that both giant planets move inwards in the beginning of all simulations. As the giant planets scatter material out of the system, their secular resonances drift inwards. As the orbits of the surviving bodies evolve, many are shepherded by this resonance, producing an overabundance of planet-forming material in its vicinity. The gap in the semi-major axis distribution at the locations of the secular resonances is due to instability, and eventual ejection, caused by orbital chaos at the location of these resonances. This result may have observable consequences in exoplanetary systems-it may be that the most massive terrestrial planets are more likely to form in the regions just interior to the locations of strong secular resonances.
We define an Earth analog, using criteria from Quintana et al. (2016) , as a planet found between 0.75-1.5 AU and a mass > 0.5 M ⊕ . The system with 150 & 50 M ⊕ planets at Jupiter's and Saturn's orbit is just as efficient at creating Earth analogs as the system with Jupiter and Saturn-with a total of 131 and 126 Earth analogs respectively at 500 Myr. On average, both giant planet systems produced one Earth analog per run. The total number of Earth-analogs produced in the Jupiter & Saturn and 150 & 50 M ⊕ runs at 500 Myr are shown in red in Figure 9 . The similar distributions of Figure 10 . Mean eccentricity versus time for all of the surviving embryos in the two systems that were integrated for 500 Myr. The Jupiter and Saturn system excite the eccentricities of the embryos the quickest, but then dampen the eccentricities more than the system with ∼ 1 2 the mass at Saturn's and Jupiter's orbit. This damping of eccentricity is most likely due to a larger number of fragments in the system from catastrophic collisions.
the Earth-analogs between the two systems suggests that a fairly wide range of giant planet masses can produce Earthanalogs.
As the Milankovitch cycles provide climatic variability on Earth, a moderate eccentric orbit is needed to induce the climate changes required by evolving life (Hays et al. 1976) . Horner et al. (2015) found that changes to Jupiter's orbit can have significant effects on Earth's eccentricity, and thus climate. If the eccentricity of Earth's orbit becomes too high, it can have catastrophic effects for life. Consequently, we examine the evolution of the embryo's eccentricity to predict if the resulting planets would have a habitable eccentricity. The trend in embryo eccentricity is seen in Figure  10 , which shows the mean eccentricity versus time for all of the surviving embryos in the two systems that were integrated for 500 Myr. The Jupiter and Saturn system excite the eccentricities of the embryos more rapidly, but the eccentricities are then dampened more than the system with the smaller giants. This is likely the result of the rapid eccentricity growth that induces a higher rate of catastrophic collisions-producing more fragments-which then dampen the eccentricity through dynamical friction (Wetherill & Stewart 1993) . These results are consistent with those of O'Brien et al. (2006) who found that using more bodies in N-body simulations will produce fewer dynamically excited terrestrial planets than simulations with less bodies.
CONCLUSIONS
We set out to understand some of the ways that exterior giant planets mold the interior terrestrial planet system. We consider five different systems, each with scaled-down masses of Saturn and Jupiter at Saturn's and Jupiter's orbit. We ran 150 simulations of each system with slight variations to the disc, for at least 5 Myr. We use an updated fragmentation code to model collisions between bodies in higher resolution than previous N-body studies. Our results show that exterior giant planet mass does affect some aspects of the architecture of the terrestrial system, its formation timescale, and the details of the terrestrial planet's collision history. Interestingly, we do not find that changing the giant planet mass at Jupiter's and Saturn's orbit significantly affects the number of Earth-analogs produced in our simulations.
Because the maximum integration time is only 500 Myr, we consider only the evolution of the embryos and make statements about the expected properties of the resulting planets. The embryo's in the systems containing lower-mass giant planets are more likely to experience accretion events in the form of perfect mergers, and systems containing higher massed exterior giant planets are more likely to eject material from the disc and experience super-catastrophic collisions. We compare the collision rates between the 45 & 15 M ⊕ system and the Jupiter and Saturn system, the smallest and largest planets used in our simulations. Jupiter and Saturn produce ∼ 6 times the number of ejections than the 45 & 15 M ⊕ system and ∼ 3 times the number of grazing events. Between all of the systems, with the exception of the system with the smallest giant planet masses, the grazing events are similar. The grazing rates have implications for what the density of the resulting planet will be like. Grazing impacts remove the mantle of the embryo. If the embryo is differentiated at this time, a planet with a higher density will be formed. The system with 45 & 15 M ⊕ exterior giant planets has the lowest rate of grazing impacts-suggesting that systems with smaller exterior giant planets will produce terrestrial planets with a lower density.
The Jupiter & Saturn and 45 & 15 M ⊕ systems have a similar rate for head on collisions, but Jupiter and Saturn produce only 2 3 the amount of mergers and 3 4 the amount of hit-and-run interactions than the system with the smallest exterior planets. The mass evolution of the embryos, as seen in Figure 4 , suggests that the systems with more massive giant planets will have a higher rate of catastrophic collisions (the output from Mercury does not directly tell if a head-on collision is catastrophic). Systems with violent collision histories may produce more moons, stronger or no magnetic fields, differentiated internal structures (as impacts often lead to extensive melting, and magma oceans (Rubie et al. 2015) ), and thiner atmospheres as compared to planets formed in systems with smaller exterior giant planets and a less violent collision history.
The eccentricity of a planet has implications for the habitability of the planet. A mildly eccentric orbit is needed for life on Earth (the Milankovitch cycles) in order to provide the climatic variability needed for the evolution of life (Hays et al. 1976 ), however a highly eccentric orbit can have catastrophic consequences for life (Horner & Jones 2010a) . Our simulations show that the larger exterior giant planets are more likely to promote rapid eccentricity growth initially, but eventually induce lower eccentricity orbits after ∼ 10 Myr.
Our results show that the presence of giant planets will yield terrestrial planet systems that are closer to the central star. They also show that secular resonances play a role determining the final locations of the formed planets. As the giant planets scatter the planet-forming material, the locations of the secular resonances move inward-shepherding material as they sweep by. Interior to both resonances we find larger embryos, with the largest ones near the resonances. At the same time, the chaotic regions produced near these secular resonances prevent the formation of terrestrial planets that are too close to the resonance locations.
Placing constraints on the time needed for terrestrial plants to form is essential for a complete understanding of a general planet-formation theory. Our results show that the relaxation timescale (the time in which the giant planets significantly perturb the terrestrial material) is sensitive to exterior giant planet mass with an inverse correlation between giant mass and the relaxation timescale, τ. This relationship results from the stronger perturbations caused by the more massive planets. Because smaller exterior giant planets interact with the disc for a longer period of time than the larger giant planets, we expect the later system to reach a dynamically stable configuration earlier in time.
Future exoplanet missions, such as WFIRST, will be sensitive to planets on longer orbital periods compared to those found by NASA's Kepler mission, or those expected from the recently launched Transiting Exoplanet Survey Satellite (TESS). With the launch of WFIRST we hope to measure the occurrence rate for giant planets on longer orbits, and how they correlate with interior terrestrial planet systems. Such a measurement will determine how common solar system analogs are in the galaxy.
